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Controlled Nanoparticle Metal Phosphates (Metal = Al, Fe, Ce,
and Sr) Coatings on LiCoO2 Cathode Materials
Jisuk Kim, a Mijung Noh, a Jaephil Cho,a,* ,z HyunMi Kim, b and Ki-Bum Kim b

aDepartment of Applied Chemistry, Kumoh National Institute of Technology, Gumi, Korea
bSchool of Materials Science and Engineering, Seoul National University, Seoul, Korea

Despite the fact that the same coating concentration and annealing temperature are used for MPO4 nanoparticle coatings~M
= Al, Fe, Ce, and SrH! on a LiCoO2 cathode, the extent of the coating coverage is influenced by the nanoparticle size or
morphology. Nanoparticles~AlPO4 or FePO4! with a size smaller than 20 nm led to the complete encapsulation of LiCoO2, but
those with sizes greater than 150 nmsCePO4d or with whisker shapessSrHPO4d led to partial encapsulation. This difference
affected the discharge capacity. The LiCoO2 completely encapsulated with AlPO4 or FePO4 showed the highest discharge capacity
of 230 mAh/g at 4.8 and 3 V at a rate of 0.1 Cs=18 mA/gd, which diminished with decreasing coating coverage in the order of
Al , Fe , SrH , Ce , bare cathode. However, the capacity retention during cycling increased in the order of Al. Ce
. SrH . Fe . bare cathode. This is consistent with the capacity retention result obtained at 90°C storage for 4 h.
© 2005 The Electrochemical Society.@DOI: 10.1149/1.1896526# All rights reserved.
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In 1996, Bellcore patented an Al2O3, B2O3, and SiO2 coating on
spinel LiMn2O4 to suppress Mn dissolution from LiMn2O4 at el-
evated temperatures.1 However, it was found that the irreversib
capacity and capacity retention of the coated sample was infer
the bare sample despite the lower Mn dissolution rate at 55°C
age. They reported the examples of B2O3-coated spinel at elevat
temperature only, and there was no explanation for the decre
capacity retention after the coating, compared with the bare cat
Such deteriorated behavior of the coated cathode may be asso
with the formation of a thick coating layer that impedes the
diffusivity. To overcome these problems, LiCoO2, which has a
strong resistance to HF, was coated on the LiMn2O4 and showe
improved capacity retention and lower irreversible capacity du
cycling at 55°C.2 On the other hand, LiMn2O4 was coated o
LiCoO2 to improve the thermal stability of the delithated LixCoO2.

3

Accordingly, SnO2, Al2O3, ZrO2, and TiO2 coatings on LiCoO2 and
LiNi 1−xMxO2 via the solgel method have been intensiv
investigated.4-15Among these coating materials, ZrO2 coating exhib
ited the best capacity retention.4.5 V cycling, and high
temperature storage at 90°C. This finding was confirmed by Ket
al., and among the ZrO2, Al2O3, and SiO2 coatings, the ZrO2 coat-
ing on LiMn2O4 had to the lowest capacity fading at 55°C cycling14

This improvement was due to the fact that ZrO2 behaves as a
effective HF scavenger.14 Overall, these studies revealed that
physical morphology of the coating materials significantly in
enced the electrochemical properties.

Metal phosphatessM = metal iond are of great interest for man
applications, for example, as molecular sieves or size-selective
lysts, catalysts supports, or optical materials, and their applic
have varied depending on the pore size, particle size, and
ions.15-22 Dong et al. prepared mesoporous AlPO4 by templating
AlCl3 and triethylphosphate with carbon spheres with a particle
of ,100 nm, which was removed by calcining at 550°C.23 Riwtzki
et al. reported the liquid-phase synthesis of La-, Ce-, and Te-d
LaPO4 nanoparticles. In addition, they reported that higher bo
coordinating solvents such as trisethylhexyl phosphate under
gen for 16 h at 200°C yielded,8 nm sized nanocrystals with
irregular 0-D.24 Recently, the synthesis and electrochemical pro
ties of AlPO4 nanocrystals have attracted considerable interes
cause they have been considered to be potentially useful active
ing materials for lithium intercalation compounds in Li second
batteries.25,26

Recently, we found that AlPO4-coated LiCoO2 improved no
only the 12 V overcharge stability, but also the cycling propert
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4.8 V.27,28 Using this coating method, we reported the relation
between the annealing temperature, coating concentration, an
trochemical and thermal properties. Noted that most of the co
materials were insulators. Therefore, Li conduction through
layer into the bulk material was possible via two routes. One is
the high Brunauer-Emmett-Teller~BET! surface area of the coati
material, which is easily soaked with the electrolytes facilita
Li-ion pathway.14 The other is from the formation of a Li-ion co
ducting solid solution~Li-M-O ! between the Li in LiCoO2 and the
coating material during annealing.29 A previous study o
Al2O3-coated LiCoO2 thin films reported that the surface region
the LiCoO2 reacted with Al2O3 during charge/discharge, forming
Li-Al-O solid-solution phase on the surface. Although the coa
layer has a reasonably high Li-ion conductivity, it is importan
control the coating thickness so as not to increase the inter
resistance. It was reported that the optimum coating thicknes
10-15 nm.25

This paper reports that effect of the nanoparticle coating~MPO4,
where M = Al, Fe, SrH, and Ce! with a different particle shape o
LiCoO2 cathode material. These nanoparticles showed a diff
morphology and particle size. Therefore, they are expected to
ence the electrochemical properties after coating. Although pre
coating studies focused on the electrochemical properties us
completely encapsulated cathode, this study was extended to
stand the correlation between the partial encapsulation of the
ode obtained from the morphological control of the MPO4 nanopar
ticles and the electrochemical properties.

Experimental

The MPO4 nanoparticles~M = Al, Fe, SrH, and Ce! were pre
pared from a direct reaction between M nitrate andsNH4d2HPO4 in
distilled water M nitrate~3 g! andsNH4d2HPO4 ~1 g! were dissolve
in water ~25 g!, and the rapid formation of white precipitates co
be observed. For X-ray diffraction~XRD! and transmission electr
micrscopy~TEM!, the precipitates were centrifuged at 3000 rpm
5 min, which was followed by drying and annealing at 130
700°C for 5 h, respectively. To coat the 10mm sized LiCoO2 cath-
ode ~100 g!, cathode powders were added to the coating sol
with constant stirring, which was followed by drying and annea
at 130 and 700°C for 10 and 5 h, respectively. Based upon
spectroscopy~MS!, the coating mass ratio was estimated to be
g of the coating per gram of LiCoO2. The coin-type half cell consis
of a cathode~94 wt %!, a Li metal anode, and a separator, and
electrolyte for coin-type half cells~2016 type! was 1 M LiPF6 with
ethylene carbonate/diethylene carbonate/ethyl-methyl carb
~EC/DEC/EMC! ~30:30:40 vol %! ~Cheil Industries, Korea!. The
loading level of LiCoO2 studied per square cm was 35 mg. The c
for the cycling tests were tested at a charge-cutoff voltage of 4
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The cycle-life tests were proceeded by charging and discharg
0.1 C for the first two cycles, which was followed by a cycle at
C, a cycle at 0.5 C, and finally a cycle at 1 Cs=180 mA/gd for 46
cycles. The galvanostatic intermittent titration technique~GITT! was
used to estimate the Li diffusivity,30,31 and the Li/LiCoO2 test cells
after finishing each 10 cycles were allowed to reach equilibriu
4.3 V. To measure the capacity retention at 90°C, fresh
sLi/LiCoO2d were charged to 4.6 and 4.8 V and stored at 90°C
h, which was then cooled to room temperature. The cells were
discharged to 3 V at a rate of 0.2 C. The Co and metal ion dis
tion ~M = Al, Fe, Sr, and Ce! from the bare and coated LiCoO2
cathodes was measured by inductively coupled plasma-atomic
sion spectroscopy~ICP-AES!, and the electrolytes were obtain
from the cycled cells using a centrifugal separation method.
nanoparticles and coated LiCoO2 were characterized by XR
~M18XHF-SRC, MAC Science! using Cu Ka radiation in the 2u
range, 15-70°.

Results and Discussion

Figure 1 shows TEM images of the MPO4 nanoparticles prepare
in water. The particle size of the AlPO4 nanoparticles was,5 nm,
which was the smallest among the MPO4 nanoparticles. On the oth
hand, FePO4 had a larger particle size of,20 nm while CePO4 and
SrHPO4 were found as whisker- and spherical-type~with a particle
size of 150-200 nm! nanoparticles, respectively. This indicates
the particle size and morphology was governed by the meta
Figure 2 shows a comparison of the XRD patterns of the pre
tated nanoparticles. The XRD patterns of the AlPO4 and CePO4
~M = Al and Ce! particles confirmed the presence of the orthorh
bic ~JCPDS no. 48-652! and monoclinic phases~JCPDS no. 4-632!,
respectively. However, that of the FePO4 shows the formation o
amorphous phase. ICP-MS analysis confirmed that the stoichio
of Fe and P was 1:1,i.e., the formation of FePO4. After heat-
treatment at 700°C, the XRD patterns of AlPO4, FePO4, and
SrHPO4-coated LiCoO2 ~Fig. 3! showed only the LiCoO2 phase
indicating that the coating was too thin to observe while that o
CePO4-coated LiCoO2 revealed the presence of crystalline Ce2
phase. In the case of the AlPO4-coated cathode, the coating thic
ness was estimated to be 10-15 nm.25

The XRD diffraction patterns of the isolated CePO4 and SrHPO4
particles after heat-treatment at 700°C revealed the presen

Figure 1. TEMs of MPO4 ~M = Al, Fe, Ce, and SrH! nanoparticles afte
drying at 130°C
t

-

f

monoclinic CePO4 ~JCPDS no. 32-199!, and an orthorhomb
Sr2P2O7 phase~JCPDS no. 24-1011!, respectively~Fig. 4!. The
crystal structure of the coating layer is expected to be different
that of the isolated coating particle because MPO4 might react with
Li and even Co from the LiCoO2 during annealing at 700°C, a
transform into a new phase with an intrinsic stress in the nanos
coating layer. Hence, it is difficult to identify the coating la
phase. Despite this, the identification of the CeO2 phase in th
coated cathode suggests the existence of a completely isolate
portion of the particles from the coated cathode~this might be at
tributed to the partially decomposed CePO4 in LiCoO2 during an
nealing at 700°C!. However, there was no secondary phase obse
in the XRD pattern of the SrHPO4-coated cathode, which indica
that a larger portion of the LiCoO2 than CePO4-coated cathode ma
be covered with the coating material. Electron probe micron ana
~EPMA! was performed to check the degree of encapsulation o
coated cathodes. Figure 5 shows the Co, M, and P mapping
the cross-sectioned LiCoO2 particles. In the case of the AlPO4 and
FePO4-coated LiCoO2, Al and Fe elements were completely enc
sulated on the particle surface in contrast to the Sr and Ce ele
with the noncoating layers. On the other hand, the entire enca
tion of the cathode using the sol-gel driven Al2O3 and ZrO2 coating

Figure 2. XRD patterns of the same nanoparticles in Fig. 1.

Figure 3. XRD patterns of the MPO4-coated LiCoO2 after annealing a
700°C.
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was difficult to achieve. Another problem with a sol-gel coatin
that it cannot control the coating thickness. For example, the
images reported by Thackeray’s group and Dahn’s group sh
such evidence.14,32-34 However, the nanoparticle coating exhibi
very good coating coverage and coating thickness could be
trolled by the nanoparticle size.

The EPMA result is well consistent with the TEM images of
MPO4-coated LiCoO2 ~Fig. 6!, and the FePO4-coated LiCoO2 shows
a completely covered coating layer with a thickness of,25

Figure 4. XRD patterns of the isolated CePO4 and SrHPO4 nanoparticle
after annealing at 700°C. Note the phase change of SrHPO4 to Sr2P2O7 after
annealing.

Figure 5. EPMA of cross section MPO-coated LiCoO cathodes.
4 2
-
-50 nm, which is thicker than the AlPO4-coated LiCoO2s,15
-20 nmd.35 This is due to the larger FePO4 particles than AlPO4,
even though the same coating concentration~1 wt %! was used. I
the case of CePO4 and SrHPO4, only a portion of the LiCoO2 was

Figure 6. TEMs of ~a-c! MPO4-coated LiCoO2 ~M = Fe, SrH, and Ce!. ~d!
is a SAD pattern of CePO4-coated LiCoO2.
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covered with the particles. However, it is interesting to note tha
original whisker type particle morphology of the CePO4 was com
pletely changed into an aggregation of,30-40 nm sized particle
Selected area diffraction~SAD! of the coating particle of th
CePO4-coated LiCoO2 confirmed the presence of a CePO4 phase
that did not transform into the other phases from the interf
reaction. This indicates that CePO4 is inert. However, the cryst
structure of the SrHPO4-coated cathode showed mixed phases
several different structures. As mentioned above, the observat
a secondary CeO2 phase in the XRD pattern of the CePO4-coated
cathode may result from the isolated particles. Therefore, a po
of the completely isolated Sr2P2O7 and CeO2 particles from the
coated LiCoO2 should exist in the LiCoO2 particles.

Such partial encapsulation is related to the BET surface ar
the nanoparticles, and the values for M = Al, Fe, SrH, and Ce
responds to 25, 16, 8, and 3 m2/g, respectively. Because the na
particles adsorbed on the cathode are only possible throug
physical bonding during the drying process at 130°C, those w
higher BET surface area should have a larger wetting area o
LiCoO2. Hence, there is no doubt that the AlPO4 and FePO4 par-
ticles can easily wet the LiCoO2, compared with SrHPO4 and
CePO4. On the other hand, the physical bonding was hardened
chemical reaction between the Li in LiCoO2 during annealing a
700°C. Figure 7 shows voltage profiles of the MPO4-coated LiCoO2
between 3 and 4.8 V at the rate of 0.1 C. The coating level
estimated as,1 wt %. Therefore, the capacity contribution was
lieved to be negligible. To understand Li conduction mechan
Al2O3-coated LiCoO2 using sputtering method was tested.20 This
result showed that the independence of the AlO thickness on th

Figure 7. Plots of ~a! discharge profiles of MPO4-coated LiCoO2 in coin-
type half cell at 0.1 C between 4.8 and 3 V and~b! cycling numbervs.
discharge capacity.
2 3
f

f

e

electrochemical properties in the thin-film geometry indicated
the oxide coating layer acted as a solid electrolyte with a low
tronic conductivity and a reasonably high Li-ion conductivity. In
case of the MPO4-coated cathodes, the formation of a Li-M-P
solid-solution coating layer was expected during the cycles alth
the AlPO4 and Sr2P2O7 phases are electrochemically inactive,
CePO4 and FePO4 are electrochemically active. As the coat
thickness increases, the reaction of Li might become slower an
efficient due to the limited electronic conduction among the
ticles. Note that the MPO4-coated LiCoO2 ~M = Ce, SrH, and Fe!
exhibits a large drop in the IR drop upon a 0.1 C rate discharge
is related to the coating thickness because a similar behavio
observed in the AlPO4-coated cathodes with a coating thickn
with .20 nm.25 Hence, the FePO4 with a coating thickness
,20-50 nm can be influenced by the reduction in the IR drop. H
ever, the LiCoO2 that is partially covered with CePO4 and SrHPO4
particles was observed to have a larger IR drop than the others
suggests that the isolated nonconducting Sr2P2O7 and CeO2 particles
play a key role reducing the initial potential. In addition, the po
bility that partially encapsulating the coating layers with SrH4
and CePO4-coated cathodes contributes to such an IR drop ca
be ruled out.

The discharge capacities of the completely encapsulated F4
and AlPO4-coated LiCoO2 shows the highest discharge capac
230 mAh/g, and the LiCoO2 cathodes with partially covered w
SrHPO4 and CePO4 shows,210 mAh/g. For example, the amou
of Co dissolution after the first cycling increased in the order of
s1053 ppmd . SrH , Ce s230 and 210 ppmd . Fe , Al ~50 and
40 ppm, respectively!. However, the bare sample showed the sm
est capacity of 190 mAh/g. This clearly shows that the degre
coverage affects the discharge capacity, and a complete cov
was reported reduce the Co dissolution rate or any other side
tions between the particle surface and the electrolytes at the h
cutoff voltages.26 According to Aurbachet al., upon cycling or stor
age at the elevated temperatures, capacity loss of the LiCoO2 elec-
trodes cycled to 4.2 V was caused by the formation of surface
that covered the particles, which might electronically isolate t
from each other and from the current collector.35 Similarly, such an
electronically resistive surface film may form even faster and c
more rapid capacity loss when the electrode is cycled above
than when it is cycled to 4.2 V.24 In addition, Co dissolution wa
accompanied by the loss of Li from the LixCoO2 structure, resultin
in a loss of Li insertion/extraction sites.36 This can eventually hind
the Li insertion/desertion sites and cause capacity fading. How
the amount of Co dissolution after 50 cycles reveals that tha
AlPO4-coated cathode is similar to that of the FePO4-coated cath
ode, which is in contrast to the SrHPO4 and CePO4-coated cathode
~Fig. 8!. Despite this, it is interesting to note that the FePO4-coated
cathodes continue to reduce to 0 mAh/g after 25 cycles w
capacity fading of the CePO4 and SrHPO4-LiCoO2 was slow, show
ing 90 and 38 mAh/g, respectively, after 50 cycles~Fig. 7!. More-
over, this suggests that such a rapid capacity fading of
FePO4-coated cathode did not originate from Co dissolution
from a decrease in Li mobility as a result of the coating layer.

The Li diffusivities of the bare and coated cathodes were
mated after 10, 20, 30, 40, and 50 cycles using GITT at 4.3 V
shown in Fig. 8, the Li diffusivity of the FePO4-coated cathod
rapidly decreases with cycling in contrast to the AlPO4-coated cath
ode. On the other hand, a trend of Co dissolution well agrees
that of the Li diffusivity in the bare, SrHPO4 and CePO4-coated
cathodes. Accordingly, the rapid capacity fading of
FePO4-coated cathode is due to the decreased Li diffusivity
cycling, but that of the SrHPO4 and CePO4-coated cathodes corr
lated with the Co dissolution. However, it is expected that the h
capacity retention of the SrHPO4 and CePO4-coated cathodes th
the bare cathode is due to the fact that a partially formed co
layer suppresses Co dissolution. These results clearly show a
higher Li diffusivity of the coated cathodes along with excel
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capacity retention during cycling than the bare cathode, indic
that the formation of an electrically resistive film on the cathode
suppressed. Recently, Chen and Dahn reported that the cyc
performance of LiCoO2 was improved by a simple heat-treatme
due to the elimination of surface contamination on the cathode
example, moisture, organic species, etc.33,34 However, our stud
found that the thermal history of the bare powders did not imp
the electrochemical properties. The powder size used by Che
Dahn is smaller than the conventional,10 mm sized powders.9,25,26

In relation to Co dissolution, Fig. 9 shows the lattice constana
and c and thec/a ratio of the coated cathodes~at the discharge
state of 3 V! after cycles, which changes less than those of the
cathode. During cycling, the surface of the bare cathode was
aged due to Co dissolution, and Li intercalation/deintercala
through this structurally damaged region was difficult. In cont
the coating layer suppresses Co dissolution. Therefore, the s
region of the coated LiCoO2 cathodes fully encapsulated w
AlPO4 and FePO4 may be less damaged, compared with that o
cathodes that were partially encapsulated with SrHPO4 and CePO4.
Furthermore, to investigate the structural changes after cycling
peaks~~0 0 3!, ~1 0 1!, ~1 0 4!, ~0 1 5!, and~0 1 8!! were fitted from
the patterns.

Peak-broadening may be associated with either microstru
defects or a non-uniform distribution of local strain.36,37 The peak
widths Dk ~full width at half maximum, fwhm! were fitted for eac
peak with a scattering vectork = (4p/l)sin u using a double-pea
Lorentzian function forKa1 andKa2. The effective grain size es
mated from the intercept atk = 0 does not show any systema
changes due to the large error in the fitting process. Figure 10 s
the local strain in the cathodes before and after cycling with a ch
cutoff voltage of 4.8 V, as a function of the coating material.
inset is a representativeDk vs. kplot in the SrHPO4-coated sampl
measured at 3 V after 50 cycles. The local strain in the cathode
be estimated from the slope of theDk vs. kplot after subtracting th
resolution function sDkres = 0.076-0.00033ksnm−1dd. The loca
strain in the bare sample after 50 cycles increased approximat
a factor of four in comparison with the AlPO4 and FePO4-coated
cathodes. Note that the change in the local strain is quite cons

Figure 8. Plots of~a! Co dissolution of bare and MPO4-coated LiCoO2 and
~b! lithium diffusivity of the bare and MPO4-coated cathodes after 10, 20,
40, and 50 cycles.
e

d

-

e

l

s

n

y

t

with that of Co dissolution, increasing in the order of Al, Fe
, Ce , SrH. The analysis of local strain in Fig. 10 clearly dem

Figure 9. Plots of ~a! the lattice constantsa andc, and~b! c/a ratio ~at the
discharged state! in the bare and MPO4-coated LiCoO2 cathodes~M = Al,
Fe, Ce, and SrH!, after 50 cycles with 4.8 V.

Figure 10. The local strain in the cathodes before and after cycling w
charge cutoff voltage of 4.8 V, as a function of the coating material. The
is a representativeDk vs.k plot in the SrHPO4-coated sample measured a
V after 50 cycles.
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strates that the MPO4-nanoparticle coating effectively suppresses
structural degradation caused by Co dissolution.

Figure 11 shows the discharge capacities of the bare and c
cathodes at 0.2 C at room temperature and after 90°C storage
at 4.6 and 4.8 V charge cutoffs. The trend of the discharge cap
is quite similar to the capacity retention at room temperature,
decreased in the order of Al, Ce , Sr , Fe , bare. In addition
severe reductions in capacity were observed at 90°C, compare
those at room temperature. It was observed that the Li meta
partially damaged and covered with some decomposed elect
products at 90°C. Hence, the decrease in capacity may be part
to this effect. However, there is a good correlation between the
storage data. The AlPO4-coated cathode shows no capacity deca
both 4.6 and 4.8 V, which is in contrast to the other coated cath
For example, the capacity of the CePO4, SrHPO4, and
FePO4-coated cathodes decreased from 140, 130, and 123 mA
128, 110, and 98 mAh/g, respectively, when the charge cutoff
age increased from 4.6 to 4.8 V. In particular, the largest cap
drop of the FePO4-coated cathodes was surprising. Even though
cathode shows comparable capacity to the AlPO4-coated cathode
room temperature, the capacity drop at 90°C may be related to
factors. Previous studies revealed that Co dissolution is concom
with the dissolution of Li into the electrolyte, leading to the dest
tion of the LixCoO2 structure.36 Once a uniform coating layer
present, Co dissolution should be minimized, and its value is
pected to be similar to be that of the AlPO4-coated LiCoO2. How-
ever, these results showed that the CePO4 and SrHPO4-coated cath
odes had better capacity retention than FePO4.

To investigate the origin, the amounts of Co and Metal ion
solution ~Me = Al, Fe, Ce, and Sr! from the MPO4-coated LiCoO2
were measured at 4.6 and 4.8 V after storage at 90°C for 1, 2, 3
4 h, as shown in Fig. 12. Fe dissolution showed the highest v
and M dissolution decreased in the order of Ce, Sr , Al, which is
well consistent with that of capacity retention after 90°C storag
addition, Co dissolution continues to increase with increasing
age time in all the coated cathodes, but AlPO4-coated cathode show
the lowest amount Co dissolution. For example, the FePO4-coated
LiCoO2 shows a six times larger amount of dissolution t
AlPO4-coated cathode. This suggests that, capacity retention at
is governed by M dissolution in contrast to that at room tempera
It is interesting to note that the SrHPO4 and CePO4 showed less C
and M dissolution than FePO4. This is due to the lower Sr and C
dissolution rate than Fe. This result indicates that Sr and Ce ion
relatively stable at higher temperatures than Fe ions. When th
dissolution time was extended to 24 h, there was clearer evid

Figure 11. Plots of the discharge capacities of the bare and MPO4-coated
LiCoO2 at ~a-b! 90°C for 4 h storage, and~c-d! room temperature. Th
discharge rate was 0.2 C.
d
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that the metal phosphate coatings minimized the Co dissolutio
cept for the FePO4-coated cathode. The amounts of co dissolu
from the bare, AlPO4-coated, CePO4-coated, SrHPO4-coated, an
FePO4-coated cathodes increased from 32,000, 4,400, 7,000, 7
and 26,000 ppm, respectively, to 98,700, 5,000, 9,500, 10,000
65,000 ppm, respectively.

Conclusions

The coating coverage on the LiCoO2 cathode strongly depend
on the MPO4 nanoparticle size and morphology even though
same coating concentration was used. Hence, FePO4 and AlPO4
with particle sizes smaller than 20 nm exhibited complete enc
lation compared with SrHPO4 and CePO4, which had isolated coa
ing layers. More surprisingly, the SrHPO4 and CePO4-coated cath
odes showed better capacity retention than FePO4 at 90°C storage
This was attributed to the continuous Fe metal ion dissolutio
90°C at the highly delithiated LixCoO2, and a higher amount of F
ions was dissolved into the electrolytes than the SrHPO4 and
CePO4-coated cathodes. Therefore, the elevated temperature p
mance of the coated cell was influenced by the metal ion in
MPO4 in contrast to that at room temperature. In conclusion
AlPO4 coating with a particle size and coating thickness,3 nm and
,10-15 nm, respectively, showed the best electrochemical p
mance.
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